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Tumor Necrosis Factor Receptor 1 and Its Signaling
Intermediates Are Recruited to Lipid Rafts in the
Traumatized Brain
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The tumor necrosis factor (TNF) ligand–receptor system plays an essential role in apoptosis that contributes to secondary damage after
traumatic brain injury (TBI). TNF also stimulates inflammation by activation of gene transcription through the I�B kinase (IKK)/NF-�B
and JNK (c-Jun N-terminal protein kinase)/AP-1 signaling cascades. The mechanism by which TNF signals between cell death and
survival and the role of receptor localization in the activation of downstream signaling events are not fully understood. Here, TNF
receptor 1 (TNFR1) signaling complexes in lipid rafts were investigated in the cerebral cortex of adult male Sprague Dawley rats subjected
to moderate (1.8 –2.2 atmospheres) fluid-percussion TBI and naive controls. In the normal rat cortex, a portion of TNFR1 was present in
lipid raft microdomains, where it associated with the adaptor proteins TRADD (TNF receptor-associated death domain), TNF receptor-
associated factor-2 (TRAF-2), the Ser/Thr kinase RIP (receptor-interacting protein), TRAF1, and cIAP-1 (cellular inhibitor of apoptosis
protein-1), forming a survival signaling complex. Moderate TBI resulted in rapid recruitment of TNFR1, but not TNFR2 or Fas, to lipid
rafts and induced alterations in the composition of signaling intermediates. TNFR1 and TRAF1 were polyubiquitinated in lipid rafts after
TBI. Subsequently, the signaling complex contained activated caspase-8, thus initiating apoptosis. In addition, TBI caused a transient
activation of NF-�B, but receptor signaling interacting proteins IKK� and IKK� were not detected in raft-containing fractions. Thus,
redistribution of TNFR1 in lipid rafts and nonraft regions of the plasma membrane may regulate the diversity of signaling responses
initiated by these receptors in the normal brain and after TBI.
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Introduction
Tumor necrosis factor (TNF)-� is a prominent proinflammatory
cytokine that has been associated with various neurodegenerative
diseases (Tyor et al., 1995; Clark and Lutsep, 2001; Lou et al.,
2001; Perry et al., 2001; Probert and Akassoglou, 2001; Shinoda et
al., 2003). Its function in the pathogenesis of neural injury re-
mains unclear, however, because both neurotoxic and neuropro-
tective effects after injury have been described (Bruce et al., 1996;
Nawashiro et al., 1997; Kim et al., 2001; Martin-Villalba et al.,
2001; Yang et al., 2002). Traumatic brain injury (TBI) induces
upregulation of TNF-� protein and mRNA in the injured cortex
(Taupin et al., 1993; Fan et al., 1996; Shohami et al., 1996, 1997;
Vitarbo et al., 2004), and increased levels of TNF-� have been
reported in plasma and CSF of head-injured patients (Ross et al.,
1994). Gene-targeting studies indicate that the presence of
TNF-� in the acute posttraumatic period may be deleterious,
whereas this cytokine may play a beneficial role in the chronic

period after TBI (Schwenzer et al., 1999). Thus, TNF signaling
after TBI involves both cell survival and apoptosis.

Mammalian TNF-� signals through two cell surface recep-
tors: TNFR1 (CD120a) and TNFR2 (CD120b). Most cells consti-
tutively express TNFR1, whereas TNFR2 expression is highly reg-
ulated. Activation of TNFR1 leads to the recruitment of the
adaptor TNFR-associated death domain protein (TRADD),
which serves as a platform to recruit additional signaling adaptors
(Hsu et al., 1995, 1996). TRADD binds the Ser/Thr kinase
receptor-interacting protein (RIP) and TNFR-associated factors
2 (TRAF2) and 5 (TRAF5). This TRADD–RIP–TRAF complex
causes activation of NF-�B through an unknown mechanism
(Liu et al., 1996; Ting et al., 1996; Kelliher et al., 1998; Devin et al.,
2000). TRAF2 can also recruit secondary adaptors that modulate
signaling, i.e., TRAF1 and cellular inhibitor of apoptosis
protein-1 (cIAP-1) and cIAP-2 (Shu et al., 1996). cIAP-1 sup-
ports ubiquitination and proteasomal degradation of TRAF2 (Li
et al., 2002), whereas TRAF2 inhibits signaling through TNFR2
by an unknown process (Wajant et al., 2003). Additionally,
TNFR1 can recruit caspase-8 via TRADD and Fas-associated
death domain protein (FADD) to induce apoptosis (Hsu et al.,
1996).

Redistribution of TNFR1 in the plasma membrane is one pos-
sible mechanism for regulating the efficiency of TNF signaling.
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Recent in vitro evidence suggests that redistribution of TNFR1
into specialized microdomains (lipid rafts) may account for the
outcome of some TNF-�-activated signaling pathways (Cottin et
al., 2002; Legler et al., 2003), but TNFR1 localized to nonraft
regions of the plasma membrane are capable of initiating differ-
ent signaling responses (Doan et al., 2004); however, the role of
microdomains in signal transduction emanating from the TNFR
family in vivo has not been addressed. Here we show that TNFR1
is present in lipid rafts in normal rat cerebral cortex. TBI induced
a rapid recruitment of TNFR1 into lipid rafts and altered associ-
ations with signaling intermediates. Thus, redistribution of
TNFR1 into lipid rafts may contribute to pathomechanisms that
account for the specificity of CNS cell death after TBI.

Materials and Methods
Fluid-percussion brain injury. The University of Miami Animal Care and
Use Committee approved all procedures. Male Sprague Dawley rats (n �
5 per group) weighing 250 –350 gm were anesthetized using 3% halo-
thane and a gas mixture of 70% N2O and a balance of O2 to achieve deep
sedation. The animals were then intubated endotracheally and mechan-
ically ventilated using a Harvard rodent ventilator (Harvard Apparatus,
Holliston, MA) at a mixture of 70% N2O, 0.5–1.5% halothane, with a
balance of O2 adjusted, as described above. Pancuronium bromide (0.5
mg/kg, i.v.) was administered every hour during the surgical procedure
to facilitate mechanical ventilation. The femoral artery and vein were
cannulated with a PE-50 cannula for purposes of drug administration
and blood sampling for serum glucose, arterial blood gas determination,
and continuous arterial blood pressure monitoring. Rectal and tempo-
ralis muscle thermometers were placed and self-adjusting feedback ex-
ternal warming lamps were used to maintain a core temperature of 37°C.
Arterial blood gases were measured 15 min before and after TBI.

To produce TBI, animals were then placed in a stereotaxic frame for
introduction of a rat parietal craniotomy, as described previously (Keane
et al., 2001). A fluid-percussion injury device was connected to the tubing
24 hr after craniotomy, and rats were subjected to moderate (1.8 –2.2
atmospheres) levels of TBI (Keane et al., 2001). After TBI, all rats were
returned to their cages and allowed to recover from the surgical proce-
dures. At the time they were killed, animals were deeply reanesthetized
with halothane. Naive rats (n � 5) were anesthetized and killed. Tissue
samples were snap-frozen in liquid nitrogen and stored at �80°C until
the time of assay.

Antibodies. Mouse anti-TNFR1 monoclonal (1:500), mouse anti-
TNFR2 monoclonal (1:500), mouse anti-TRAF1 monoclonal (1:500),
mouse anti-TRAF2 monoclonal (1:500), mouse anti-caspase-8 mono-
clonal (1:500), mouse anti-�-tubulin monoclonal (1:1000), rabbit anti-
TNFR1 polyclonal (1:500), and rabbit anti-TNFR2 polyclonal (1:500)
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse anti-caveolin-1 monoclonal (1:1000), mouse anti-Fas
monoclonal (1:5000), mouse anti-RIP monoclonal (1:1000), mouse
anti-TRADD monoclonal (1:250), mouse anti-I�B kinase (IKK)� (0.25
�g/ml), and mouse anti-flotillin-1 monoclonal (1:250) antibodies were
obtained from BD Biosciences (San Diego, CA). Rabbit anti-cIAP-1
polyclonal (1 �g/ml) and anti-cIAP-2 polyclonal (1.5 �g/ml) antibodies
were obtained from Trevigen (Gaithersburg, MD). Rabbit anti-FADD
polyclonal (1:500), mouse anti-ubiquitin monoclonal (1:500), and rabbit
anti-ubiquitin polyclonal (1:500) antibodies were purchased from
Chemicon International (Temecula, CA). Rabbit anti-IKK�, anti-I�B-�,
and anti-phospho-I�B-� (1:1000) were purchased from Cell Signaling
(Beverly, MA).

Isolation of lipid rafts from rat cortex. Detergent-resistant membranes
from adult rat cortices were isolated on the basis of their insolubility in
Triton X-100 at 4°C and their ability to float in density gradients. Rat
cortices were homogenized in a dounce homogenizer in 1.5 ml of PTN 50
buffer (50 mM sodium phosphate, pH 7.4, 1% Triton X-100, 50 mM

NaCl) containing 10 mM DTT, 1 mM PMSF, 5 �g/ml leupeptin, and 1
�g/ml pepstatin A, and centrifuged at 12,000 rpm for 3 min. The super-
natant was placed in a centrifuge tube and mixed with an equal volume of

80% sucrose. The samples were overlaid with 30% and 5% sucrose, re-
spectively. The gradient was centrifuged at 130,000 � g (average) for 20
hr and aliquoted into eight fractions, 0.60 ml each, with fraction 1 being
the uppermost (lightest) fraction. Lipid raft-containing fractions were
tracked by the enrichment of the cholesterol binding protein, caveolin-1,
and the dendritic lipid raft marker, flotillin-1.

Immunoblot analysis. Immunoprecipitates or equal amounts of pro-
tein in lysates were resolved on 8.5% SDS-PAGE, transferred to polyvi-
nylidene fluoride membranes, and placed in blocking buffer (0.1%
Tween 20, 0.4% I-block in PBS; Applied Biosystems) for 1 hr (Keane et
al., 1997). Membranes were then incubated with primary antibodies fol-
lowed by the appropriate secondary antibody. Visualization of the signal
was by enhanced chemiluminescence using a Phototope-HRP Detection
Kit (Cell Signaling). To control for protein loading, the immunoblots
were stripped with Restore, Western blotting stripping buffer (Pierce,
Rockford, IL), and probed for �-tubulin. Quantification of bands corre-
sponding to changes in protein levels was made using scanned densito-
metric analysis and NIH Image Program 1.62f. Band densities were
analyzed by one-way ANOVA followed by appropriate post hoc
comparisons.

Immunoprecipitation. Sections (2 mm 2) of cerebral cortices (n � 5 per
group) were homogenized in PTN 50 buffer containing 10 mM DTT, 1
mM PMSF, 5 �g/ml leupeptin, and 1 �g/ml pepstatin A on ice for 30 min.
Lipid raft fractions were isolated, and equal amounts of protein in raft
fractions were precleared with Protein G (Amersham Biosciences, Pisca-
taway, NJ) for 1 hr, according to the manufacturer’s instructions. Sam-
ples were incubated with the appropriate polyclonal antibodies, rotated
overnight at 4°C, and washed six times in lysis buffer. The beads were
pelleted by centrifugation, resuspended in loading buffer, and heated to
95°C for 3 min before analysis by immunoblotting using monoclonal
antibodies.

Results
TBI induces an increase in TNFR1 and signaling
intermediates in the injured cortex
TNF action in vivo depends on tissue type, precise cellular con-
tent, TNFR1 composition, and timing and duration of TNF ac-
tion (Wajant et al., 2003). Our previous work shows a significant
increase in TNF-� mRNA and protein in cellular lysates of in-
jured cortex 1 hr after moderate fluid-percussion TBI (Vitarbo et
al., 2004). To dissect the contribution of the TNF ligand-receptor
systems to TBI-induced pathology, the time course of expression
of TNFR1 signaling intermediates was determined in cortical ly-
sates ipsilateral (I) and contralateral (C) to injury (Fig. 1). In-
creased levels of TNFR1 were present in cortical lysates ipsilateral
but not contralateral to injury within 5 min after TBI, and levels
in lysates on the injury side continued to rise thereafter. In con-
trast, little or no change in levels of TNFR2 was observed in
cortical lysates from both hemispheres. Thus, TNFR signaling
after TBI appears to rely on increased TNFR1 expression.

Associated with early increases in TNFR1 expression in ipsi-
lateral cortices was increased expression of the adaptor proteins
TRADD, TRAF1, TRAF2, cIAP-2, the activated form of
caspase-8, and the kinases IKK� and IKK�. Levels of RIP and
FADD in lysates at various times after TBI did not show variation,
however, and remained similar to naive controls. These results
provide evidence that parasagittal fluid-percussion brain injury
stimulates expression of TNFR1 and signaling molecules in cor-
tices from the vulnerable ipsilateral hemisphere.

TNFR1 but not TNFR2 or Fas is recruited into lipid rafts early
after TBI
To investigate whether lipid rafts are involved in TNF-� and
Fas-mediated clustering of receptors and initiation of the respec-
tive signal transduction pathways, lipid rafts were isolated from
traumatized cortices at 15 min after TBI by discontinuous su-
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crose density gradients (Fig. 2). Light frac-
tions of the gradient were enriched in the
lipid raft marker, caveolin-1, and the den-
dritic lipid raft marker, flotillin-1 (Fig.
2A). Although a small amount of TNFR1
receptor was associated with lipid rafts
from naive animals (8% by densitometry;
n � 5) (Fig. 2B), most of the receptor was
excluded from microdomains. Moreover,
Fas and TNFR2 were not detected in lipid
rafts in naive animals. Association of
TNFR1 with lipid rafts was greatly in-
creased (35%; n � 5) after TBI (Fig. 2B),
whereas Fas and TNFR2 did not associate
with lipid microdomains. Thus, a small
portion of TNFR1 is constitutively ex-
pressed in lipid rafts in the naive brain, and
TBI signals rapid recruitment of TNFR1 to
the rafts.

TBI shifts TNFR1 and signaling
intermediates into lipid rafts, but IKK
signaling molecules are not recruited
Next, we investigated whether the parti-
tioning of TNFR1 signaling components
into lipid rafts changed after TBI. Discon-
tinuous sucrose gradients were used to
separate lipid rafts (R) from soluble mem-
branes (S), and fractions were blotted us-
ing a panel of antibodies specific for pro-
teins in the TNFR1 signaling transduction
pathway (Fig. 3). A significant transloca-
tion of TNFR1 to lipid rafts was observed
as early as 5 min after TBI and declined by
60 min after injury. Additionally, a sub-
stantial fraction of adaptor molecules
TRADD, TRAF1, TRAF2, FADD, the ki-
nase RIP, cIAP-1, and cIAP-2 partitioned
into lipid rafts by 5 min after injury,
whereas caspase-8 was detected in rafts by
30 min. In contrast, neither IKK� nor
IKK� was detected in raft-containing fractions, although these
kinases were present in soluble fractions of naive and injured
cortices. Interestingly, raft translocation of TRADD, TRAF1,
TRAF2, FADD, cIAP-1, and cIAP-2 was accompanied by modi-
fication of proteins as they migrated with different molecular
weights on SDS-PAGE. Thus, TNFR1 signaling in the cerebral
cortex after TBI involves early recruitment of TNFR1 and adap-
tor components to rafts, but IKK signaling molecules are not
shifted. Moreover, recruitment of caspase-8 to lipid rafts seems to
be a later event.

TBI induces dynamic changes in the composition of the
TNFR1-associated signaling complexes in lipid rafts
When proteins are present in lipid rafts, self-association of those
proteins is favored compared with that of proteins excluded from
lipid rafts (Friedrichson and Kurzchalia, 1998). To assess the pro-
tein composition and association of adaptor proteins in TNFR1
signaling complexes, lipid rafts were isolated and immunopre-
cipitated with anti-TNFR1 antibody (Fig. 4). In naive cortices,
TRADD, TRAF1, TRAF2, RIP, and cIAP-1 were immunoprecipi-
tated with TNFR1; however, FADD, cIAP-2, and caspase-8 were
not detected in this signaling complex. Within 5 min after TBI,

the composition of the signaling complex changed. Notably, a
substantial loss of TNFR1-associated adaptors RIP and cIAP-1
was observed, whereas increased association of FADD and
cIAP-2 with TNFR1 was detected in lipid rafts of traumatized
cortices. TNFR1 and TRAF1 also underwent extensive posttrans-
lational modification in lipid microdomains. These changes were
not detected in total cell lysates (Fig. 1). Additionally, caspase-8
was readily detected in TNFR1 immunoprecipitates in a time-
dependent manner, suggesting participation of this apical
caspase in TNFR1 signaling in the traumatized brain. Anti-
TNFR1 did not immunoprecipitate the raft-associated protein,
flotillin-1, demonstrating antibody specificity and thus serving as
a control. These findings suggest that TBI-driven translocation of
TNFR1 into lipid rafts promotes formation of receptor-
associated signaling complexes that regulate different biological
outcomes dictated by these complexes.

TNFR1 and TRAF1 are ubiquitinated in lipid rafts after TBI
Ubiquitination of proteins is an important means of regulating
their function, activity, localization, and degradation (Hicke,
2001). Because ubiquitination has been shown to play a role in
receptor internalization and degradation, the protein modifica-

Figure 1. TBI induces TNFR1 signaling intermediates in the injured cortex. Immunoblot analysis of TNFR1, TNFR2, TRADD,
TRAF1, TRAF2, RIP, FADD, cIAP-1, cIAP-2, caspase-8, IKK�, and IKK� proteins after TBI. Rats were subjected to moderate TBI, and
cerebral cortices were harvested at 5, 15, 30, and 60 min and 4 hr after injury. Levels of TNFR1, TRADD, TRAF1, TRAF2, cIAP-2, IKK�,
IKK�, and caspase-8 are increased on the side of the injury early after trauma. Asterisk denotes the first time point at which
significant increases in protein levels were measured. *p � 0.05 versus contralateral; error bars represent �SDs. I, Ipsilateral
(injury) cortex; C, contralateral cortex.
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tion of TNFR1 and TRAF1 may be the addition of ubiquitin. To
test this possibility, TNFR1 was immunoprecipitated from lipid
rafts and immunoblotted using a ubiquitin-specific antibody
(Fig. 5). Immunoblots of the immunoprecipitated complex from
naive cortices revealed the presence of ubiquitinated proteins
with apparent molecular weights corresponding to 55–75 kDa in
the signaling complex of microdomains. Within 5 min after TBI
there was an increase in the presence of ubiquitinated proteins
with apparent molecular weights ranging from 55 to 140 kDa. In
contrast, ubiquitinated TNFR1 was not immunoprecipitated
from soluble fractions (Fig. 5A). Moreover, ubiquitination of
TRAF1 was observed in lipid rafts, but not soluble fractions, by
immunoprecipitation of ubiquitinated molecules (molecular
weights 52–110 kDa) using an anti-ubiquitin antibody (Fig. 5B).
Subsequent immunoblotting using specific antibody clearly re-
vealed that both TNFR1 and TRAF1 were ubiquitinated in lipid
rafts but not nonraft regions of the plasma membrane after TBI.

TBI induces NF-�B activation in the TNF-�
signaling pathway
Recruitment of TRADD, RIP, and TRAF2 to the TNF-� signaling
complex mediates I�B� kinase and subsequent NF-�B activation
(Karin and Ben-Neriah, 2000; Legler et al., 2003). NF-�B/Rel
transcription factors are present in the cytosol in an inactive state,

complexed with the inhibitory I�B proteins. After TNF-� stimu-
lation, I�Bs are phosphorylated by the IKK complex, which re-
sults in subsequent ubiquitination and degradation by the pro-
teasome, thus releasing NF-�B for translocation into the nuclear
compartment. To analyze NF-�B activation, we measured the
phosphorylation of I�B-� (Fig. 6). TBI-induced phosphorylation
of I�B-� was observed 5 and 15 min after injury in injured cor-
tices, whereas little or no phosphorylation of I�B-� was seen in
cortices from injured animals at later times after injury and in
naive controls. Thus, it appears that TBI induces an early tran-
sient activation of the NF-�B signal transduction pathway in the
cerebral cortex that is abrogated within 30 min after injury.
Moreover, NF-�B activation occurs independently of lipid rafts
(Fig. 3).

Discussion
In vitro studies have shown that lipid rafts play a crucial role in
signal transduction of death receptors, such as TNFR1 and Fas/
CD95 (Ko et al., 1999; Simons and Toomre, 2000; Cottin et al.,
2002; Legler et al., 2003; Muppidi and Siegel, 2004). Whether
signals induced by TNFR family members in vivo, specifically in
the CNS, also depend on these specialized membrane microdo-
mains has not been analyzed in detail. Our study investigated the
role of lipid rafts in signal transduction events of TNFR1, TNFR2,
and Fas, three members of the TNFR superfamily implicated in

Figure 2. Partitioning of TNFR1 in lipid rafts. A, Cortical samples from naive and traumatized
brains at 15 min after injury were lysed in 1% Triton X-100 and subjected to sucrose density
centrifugation to isolate lipid rafts. Proteins of equal volume of representative collected frac-
tions were separated by SDS-PAGE and analyzed by immunoblotting using specific antibodies
against TNFR1, TNFR2, Fas, flotillin-1, and caveolin-1. B, Quantification of the total TNFR1 pro-
tein in naive and TBI groups. R, Raft; S, soluble fractions; P, pellet.

Figure 3. TBI induces recruitment of signaling molecules into lipid rafts. Rats were subjected
to moderate TBI, and cortices were harvested at 5, 15, 30, and 60 min and 4 hr after injury. Triton
X-100 soluble (S) and insoluble lipid raft (R) fractions were isolated. Equal aliquots of the frac-
tions were subjected to SDS-PAGE, and the protein distribution was assessed by immunoblot-
ting using specific antibodies against TNFR1, TRADD, TRAF1, TRAF2, RIP, FADD, cIAP-1, cIAP-2,
caspase-8, IKK�, IKK�, flotillin-1, and caveolin-1.
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neurodegenerative and inflammatory responses in the CNS
(Choi and Benveniste, 2004).

Our data provide evidence that a rapidly formed signaling
complex assembling around TNFR1, but not Fas or TNFR2, in
lipid rafts determines TNF-� signaling after TBI. The results pre-
sented in this paper support the model outlined in supplemental
Figure 1 (available at www.jneurosci.org as supplemental mate-
rial). In the normal cortex, a small amount of TNFR1 constitu-
tively localizes in microdomains, suggesting that the ordered
state of lipid rafts provides a platform through which interactions
with signaling intermediates are favored. TNFR1-signaling com-
plexes in lipid rafts in normal cortices contained adaptor mole-
cules TRADD, RIP, TRAF1, TRAF2, and cIAP-1. It is well known
that the TNFR1–TRADD–RIP–TRAF2 complex initiates the
pathway leading to survival (Hsu et al., 1996; Wajant et al., 2003),
supporting the idea that the TNFR1 signaling complex in the
normal cortex initiates a survival signal. Moreover, this signaling
complex is devoid of FADD, cIAP-2, and caspase-8.

TBI induced rapid translocation of TNFR1 to lipid rafts, al-
tered associations with signaling intermediates, and induced a
transient activation of NF-�B. These observations are in agree-
ment with partitioning of TNFR1 in lipid rafts of fibroblasts
(Veldman et al., 2001), human fibrosarcoma cells (Legler et al.,
2003), and primary cultures of mouse macrophages (Doan et al.,
2004) after TNF-� activation. RIP and cIAP-1 dissociate from
TNFR1, whereas FADD and cIAP-2 increase association with this

receptor-signaling complex in lipid rafts. Because the TNFR1–
TRADD–FADD complex initiates the pathway leading to apo-
ptosis (Hsu et al., 1996), it is possible that alterations in associa-
tions of adaptor molecules in the signaling complex are
responsible for the switch in the signal transduction pathway
from survival in the normal brain toward apoptosis after TBI.
The recruitment of RIP by TRAF2 elicits activation of NF-�B and
JNK, respectively (Hsu et al., 1996; Ting et al., 1996; Devin et al.,
2000). The crucial role of RIP in the activation of NF-�B has been
demonstrated in RIP-deficient mice that are unable to activate
NF-�B after TNF-� treatment (Kelliher et al., 1998). Thus, dis-
sociation of RIP from the TNFR1 signaling complex induced by
TBI may ablate or downregulate the NF-�B pathway and facili-
tates cell death. Additionally, cIAP-1, cIAP-2, and TRAF1 have
been identified as NF-�B target genes (Wang et al., 1998; Schwen-
zer et al., 1999). TBI-induced interference of the NF-�B pathway

Figure 4. Association of TNFR1 with signaling intermediates in lipid rafts after TBI. Coimmu-
noprecipitation with TNFR1 of raft fractions of naive lysates and lysates obtained at 5, 15, 30,
and 60 min and 4 hr after TBI. TNFR1 immunoprecipitates were blotted for TNFR1, TRADD,
TRAF2, RIP, FADD, TRAF1, cIAP-1, cIAP-2, and caspase-8. Raft-associated protein flotillin-1
served as control. N, Naive control groups.

Figure 5. TBI-induced TNFR1 and TRAF1 ubiquitination in lipid rafts. Lipid rafts and soluble
fractions were isolated from injured cortices and immunoprecipitated with TNFR1 ( A) and
ubiquitin (Ubq) ( B). Ubiquitinated proteins were analyzed by immunoblotting using antibodies
against Ubq ( A) and TRAF1 ( B). Polyubiquitinated proteins are denoted as Ubq(n). N, Naive
control groups.

Figure 6. TBI induces NF-�B activation early after injury. Naive (N) and injured cortical
lysates were subjected to immunoblotting, and NF-�B activation was monitored by the phos-
phorylation of I�B-� (P- I�B-�). The same blot was reprobed with an antibody to total I�B-�
as internal control for protein loading.

11014 • J. Neurosci., December 8, 2004 • 24(49):11010 –11016 Lotocki et al. • Lipid Rafts in TNFR1 Signaling after TBI



may result in altered actions of the caspase-8 inhibitory TNFR1–
TRAF–IAP complex to further promote apoptosis (Wajant et al.,
2003). By 30 min after TBI, caspase-8 was present in TNFR1
signaling complexes in injured cortices, supporting the idea that
the association of FADD with TRADD initiates the apoptotic
program by recruiting caspase-8.

Another TNFR1-selective apoptosis-regulating process is the
TRAF2 recruitment of the anti-apoptotic cIAP-1 and cIAP-2 pro-
teins to TNFR1 (Shu et al., 1996; Fotin-Mleczek et al., 2002).
cIAP-1 and the closely related cIAP-2 were originally identified as
molecules present in the TNFR2 signaling complex (Rothe et al.,
1995). In the TNFR1 signaling complex, TRAF2-bound cIAP-1
and -2 molecules are able to block activation of caspase-8, which
is independently recruited into the TNFR1 signaling complex via
the TRADD–FADD axis (Roy et al., 1997; Wajant et al., 2003).
The data presented here confirm and extend these observations
and demonstrate that after TBI, cIAP-1 dissociates and cIAP-2
increases association with TNFR1 in the cholesterol–
sphingolipid-enriched membrane microdomains. In support of
this observation, the TNFR1 signaling complex during seizure-
induced neuronal death contains cIAP-2 (Shinoda et al., 2003).
Thus, the amount of cIAP-1 or cIAP-2 recruited to the engaged
TNFR1 is critical for the net function of the signaling complex;
however, our data do not reveal whether the extensive modifica-
tions of adaptor proteins seen after TBI mediate associations of
cIAPs with the receptor complex.

TNFR1 but not Fas shifts into lipid rafts after ligand engage-
ment in the human fibrosarcoma cell line HT 1080 (Legler et al.,
2003). In this in vitro model, the TNFR1 receptor-associated
complex (complex I) that contains TRADD, RIP1, TRAF1,
TRAF2, and cIAP-1 facilitates recruitment of IKK� and IKK�,
resulting in activation of NF-�B. TNFR1-mediated apoptosis sig-
naling is induced in a second step in which TRADD and RIP1
associate with FADD and caspase-8 to form a cytoplasmic com-
plex (complex II) that dissociates from TNFR1 (Micheau and
Tschopp, 2003). Our in vivo studies do not reveal whether the
pro-apoptotic complex II plays an essential role in the regulation
of TNF-� responses after TBI, but rather indicate that in both
normal and traumatized brains, lipid rafts appear to promote the
formation of receptor-associated signaling complexes (complex
I) to produce different biological outcomes dictated by these
complexes. In contrast to TNFR1 complex I in human fibrosar-
coma cells (Micheau and Tschopp, 2003) and those present in
normal rat cortices, complex I from traumatized brains harbors
activated caspase-8 by 30 min after TBI, indicating involvement
of downstream signaling cascades. Thus, after TBI, the death do-
main of TRADD may act as a central platform for the recruitment
and activation of FADD, leading to subsequent binding of
caspase-8 and triggering their activation (close proximity model)
(Boatright et al., 2003). Clearly, early activation of initiator
caspases-8 and -9 and effector caspase-3 has been associated with
apoptosis in this TBI animal model (Keane et al., 2001), support-
ing this idea.

TNF family members induce apoptosis that is tightly regu-
lated by genes activated by NF-�B, and modulation of the re-
sponses in favor of NF-�B protects cells from apoptosis. There-
fore, cells unable to activate the NF-�B pathway and synthesize
anti-apoptotic proteins such as IAPs and TRAFs (Wang et al.,
1998) would undergo apoptosis when stimulated by TNF-�. Our
studies show that TBI induced a rapid transient activation of
NF-�B, but the signaling molecules involved in NF-�B activation
were mostly excluded from lipid rafts in cerebral cortices of naive
and injured animals. These findings are in agreement with results

of a recent study in primary macrophage cultures that demon-
strated that I-�B kinase-� and I-�B-� are excluded from raft-
containing fractions after TNF-� stimulation (Doan et al., 2004)
but differ from results in the fibrosarcoma cell line, HT-1080, in
which NF-�B signaling intermediates were present in lipid rafts
and TNF-�-induced activation of NF-�B was blocked by choles-
terol depletion (Legler et al., 2003). Because TNFR1 is localized to
lipid rafts and nonraft regions of the plasma membrane, each
compartment may be capable of initiating different signaling re-
sponses. Further studies that disrupt lipid rafts are clearly needed
to determine whether spatially segregated signaling modules are
assembled into active signaling complexes in vivo. Moreover,
Doan and colleagues (2004) raise the intriguing possibility that
different cell types use lipid rafts in different ways to regulate
TNFR1 signaling. Because TNFR1 is expressed on neurons, as-
trocytes, and oligodendrocytes (Dopp et al., 1997; Yang et al.,
2002; Yan et al., 2003), it is possible that the dynamic composi-
tion of the raft and nonraft regions of the plasma membrane of
different types of CNS cells may play an important role in speci-
fying responses induced by TNFR1; however, future studies are
needed to determine the consequence of TNFR1-induced signal-
ing in lipid rafts in purified CNS cell populations to test this
hypothesis.

Posttranslational modifications of several complex-associated
proteins occur in lipid rafts in traumatized cortices. For example,
TNFR1 in the normal cortex exhibits an apparent molecular
weight of 55 kDa, but after TBI it forms molecular species with
apparent molecular weight ranging from 55 to 140 kDa. More-
over, a large proportion of TRAF1 present in lipid rafts undergoes
modifications that increase its molecular weight from 52 to 110
kDa after trauma. Immunoprecipitation of the TNFR1 signaling
complex I using specific antibodies for adaptor proteins and
ubiquitin revealed that TNFR1 and TRAF1 modifications were
the result of polyubiquitination presumably targeting these pro-
teins for degradation via the proteasome pathway. Thus, mi-
crodomains play a critical role in the specific modification of
TNFR1 and TRAF1 by ubiquitin.

Our findings indicate that moderate TBI induces a rapid re-
cruitment of TNFR1 into lipid rafts and that lipid rafts serve as
platforms for TNFR1 signaling in the normal and traumatized
cortex by recruiting adaptor molecules to microdomains. In ad-
dition, these microdomains play a role in the specific modifica-
tions and recruitment of adaptor proteins in the cortex induced
by TBI. Dynamic regulation of raft localization of TNFR1 may
prove a mechanism by which cells can become intrinsically more
sensitive to TNF-mediated stimuli. Modifying the raft location of
TNFR1 offers a potential therapeutic strategy to target cell death
mechanisms after brain injury.
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